INTRODUCTION {#SEC1}
============

Aberrant protein expression can cause diseases, and down regulation of specific protein expression via mechanisms such as antisense technology is now used clinically ([@B1]--[@B5]). Many diseases, however, are caused by insufficient levels of functional proteins ([@B6],[@B7]); therefore it would be beneficial to specifically increase the level of a protein. Several approaches have been developed to achieve this goal, such as delivery of expression constructs or mRNAs, suppression of repressive proteins or transcripts, modulation of splicing, or inhibition of the nonsense-mediated decay pathway to increase mRNA, and, therefore, protein levels ([@B8]--[@B11]). These approaches have limitations including challenges in the *in vivo* delivery of large DNA or RNA molecules and the fact that there are limited number of genes that can be controlled using these strategies ([@B8],[@B12]--[@B14]). New methodology is thus needed that could be applied to more genes to increase protein expression, especially *in vivo*.

Translation is highly regulated and is responsive to many types of stimuli and physiological conditions ([@B15]--[@B18]). In eukaryotes, translation occurs predominantly in a cap-dependent manner, although cap-independent translation does occur and is often mediated by internal ribosome entry sites (IRES) ([@B19]--[@B21]). During translation, the eIF4F complex, containing eIF4E, eIF4G and eIF4A, binds to the 5′ m^7^G cap. The helicase eIF4A may help to resolve structure formed within the 5′ end of the mRNA, facilitating the recruitment of other proteins ([@B17],[@B22],[@B23]). Next, the pre-formed 43S complex, which contains the 40S small ribosomal subunit (SSU), eIF2--GTP--tRNAiMet ternary complex, and other initiation factors, binds to the mRNA, generating the 48S pre-initiation complex (PIC) ([@B17]). The PIC then scans for the AUG start codon in a 5′ to 3′ direction ([@B24],[@B25]). At the start codon, the initiator Met-tRNAi base pairs with the mRNA, and the 60S large subunit (LSU) joins to form the 80S ribosome, which initiates translation ([@B23]).

Translation initiation is a rate-limiting step in eukaryotic protein expression ([@B17],[@B18]), and *cis*-acting elements present in the 5′ UTRs of mRNAs are known to modulate translation. These elements, such as upstream open reading frames (uORFs), mRNA structures, and protein binding sites, can inhibit translation through different mechanisms ([@B17],[@B23],[@B26],[@B27]). For example, translation of a uORF can inhibit translation initiation of the downstream primary ORF (pORF) encoding the main protein product. In addition, structures adopted by 5′ UTRs can inhibit translation initiation ([@B22],[@B28]), though certain structures, like IRES, may increase translation under certain circumstances.

The existence of inhibitory elements in 5′ UTRs of certain mRNAs provides opportunities to increase specific protein production by inactivating these elements using *trans*-acting agents, such as antisense oligonucleotides (ASOs) that can sequence-specifically base pair with the mRNA. Indeed, we recently found that ASOs that bind to uORF regions but do not induce cleavage of the mRNA can increase levels of protein encoded by the downstream pORF in cells and in animals ([@B29]). This study confirmed that *trans*-acting ASOs, a class of agents that have been studied for \>25 years for abilities to down-regulate protein expression ([@B4]), can specifically increase protein levels. As uORFs are only present in ∼50% of mammalian mRNAs ([@B30],[@B31]) and some uORFs may not be inhibitory, this strategy is not applicable to all genes. To expand the repertoire of genes for which protein expression can be up-regulated, we evaluated the effects of ASO binding to other translation inhibitory elements in 5′ UTRs.

It has been suggested that ∼10% of cellular mRNAs contain atypically long 5′ UTRs, which tend to form stable secondary structures and in general, such structures inhibit translation ([@B26],[@B27],[@B32],[@B33]). Sequences of many 5′ UTRs are predicted to form stable structures, including secondary structures and G-quadruplexes, that have been shown to inhibit translation ([@B28],[@B34]--[@B36]). Disruption of these G-quadruplex structures by either small molecules or oligonucleotides has been reported to increase translation efficiency ([@B35],[@B37],[@B38]). On the other hand, secondary structure, as one of the two best studied 5′ UTR inhibitory elements (the other is uORF), can inhibit translation, as demonstrated three decades ago ([@B27],[@B39]--[@B43]). In alignment with the inhibitory effect of 5′ UTR structures, a genome-wide study has shown that mRNAs with weakly folded 5′ UTRs have higher translation rates ([@B28]). Whereas in another study, it was found that a class of poorly translated mRNAs tend to have stable secondary structures within 5′ UTRs ([@B34]).

The inhibitory effect of the stem--loop structures has been demonstrated to be dependent on the thermodynamic stability and the position of the structure relative to the 5′ cap ([@B40],[@B42],[@B44]--[@B48]). For example, when a stem structure (--25 kcal/mol) was placed at positions +4 or +10 relative to the 5′ cap, translation efficiency was increased by 11- or 50-fold, respectively, relative to that when placed at position +1 ([@B47]). In addition, it has been found that when a stem-loop structure with --30 kcal/mol was placed at position +12, but not at +52, translation was significantly reduced ([@B44]). However, when a stronger stem structure (--61 kcal/mol) was placed even at position +72 relative to the cap, translation was still blocked.

Secondary structures at 5′ UTRs can inhibit the loading or scanning of the PIC, depending on the position and the thermodynamic stability ([@B42],[@B48]). For instance, when a stem (--30 kcal/mol) was placed at positon +12 relative to the 5′ cap, but not at +52, mRNA association with the PIC was inhibited. However, when a stronger stem (--61 kcal/mol) was placed at position +72, the PIC bound the mRNA, but was stalled ahead of the stem structure ([@B44]). Other studies also confirmed that 5′ UTR stem structures near the cap inhibit binding of translation initiation factors, such as eIF4B, to the mRNAs ([@B49]). A working model has been established regarding the inhibitory effect of 5′ UTR secondary structures: a stem structure near the cap can inhibit the loading of the PIC to the mRNA, whereas a stem structure not proximal to the cap allows PIC binding, and once bound, the PIC is able to penetrate secondary structure if the thermodynamic stability of the structure is not too strong ([@B32],[@B33],[@B44]). Thus, disruption of these structures or interactions of mRNA regions with inhibitory proteins or other factors, should enhance translation and increase levels of proteins.

Here, we report that using ASOs targeting 5′ UTR inhibitory elements, including potential structured regions, we were able to significantly increase levels of protein encoded by five different genes in human and mouse cells. The ASOs are specific and act by enhancing translation, most likely due to increased recruitment of translation initiation factors to the target mRNA. Importantly, we showed that protein levels could be specifically increased in mouse using chemically modified ASOs targeting an inhibitory region in *ACP1* mRNA, suggesting that the approach described here has potential for therapeutic use.

MATERIALS AND METHODS {#SEC2}
=====================

Antibodies and oligonucleotides {#SEC2-1}
-------------------------------

Antibodies, ASO sequences and chemical modifications, siRNA sequences and qRT-PCR primer probe set sequences are listed in [Supplementary Information](#sup1){ref-type="supplementary-material"}.

Cell culture and transfection {#SEC2-2}
-----------------------------

HEK293 and HeLa cells (from Life Technologies) and MHT cells ([@B50]) were grown in DMEM medium supplemented with 10% FBS at 37°C in an incubator with 5% or 8% CO~2~. One day before transfection, cells were seeded at ∼60% confluency and incubated overnight. Transfection of ASOs was performed using Oligofectamine 2000 or RNAiMax (Life Technologies). For the RNASEH1 cleavage activity assay, cells transfected with ASO761919 were reseeded at ∼60% confluency, allowed to grow for 14 h, and then transfected again with an ASO targeting *Malat1* (ASO395254). RNA was harvested 4 h later. Transfection with siRNAs (3--5 nM final concentration) was performed using RNAiMax (Life Technologies). At 4 h or 24 h after siRNA transfection, cells were washed and transfected with ASOs. For the attenuation study using complementary oligonucleotide (Figure [1](#F1){ref-type="fig"}), HEK293 cells were co-transfected with ASO761919 and ASO927728 or with ASO761919 and ASO759704.

![ASOs targeting the 5′ UTR of *RNASEH1* mRNA increase protein production. (**A**) Predicted secondary structure of the 5′ UTR of *RNASEH1*. The upper case letters indicate coding sequence. The start codon of the uORF is highlighted in blue. Binding sites for ASOs are indicated by lines. (**B**) Western blot for RNASEH1 in HeLa cells treated with indicated ASOs for 15 h at 25 nM. Numbers below the lanes are percentages of RNASEH1 protein relative to mock-treated cells; values are normalized to quantity of tubulin loading. (**C**) Schematic representation of ASO positions on *RNASEH1* bracketing active ASO761919. (**D**) Western blot for RNASEH1 in HeLa cells treated for 15 h with 25 nM indicated ASOs. GAPDH was used as a loading control. (**E**) Sequences of *RNASEH1* mRNA and ASOs with mismatches (underlined). (**F**) Western analysis for RNASEH1 protein in HeLa cells treated with 30 nM indicated ASOs for 10 h. P32 was detected as a loading control. (**G**) Western analyses for RNASEH1 in HeLa cells co-transfected with the *RNASEH1* ASO761919 and an ASO complementary to the *RNASEH1* ASO (ASO927728). ASO concentration 0 indicates mock transfection. (**H**) Western blot analyses for RNASEH1 in HeLa cells co-transfected for 10 h with ASO761919 and a control ASO759704. The mean values and standard deviations after normalization to P32 quantity are shown below the lanes. (**I**) qRT-PCR quantification of *RNASEH1* mRNA in cells treated with indicated ASOs. The error bars represent standard deviations from three experiments. *P*-values were calculated based on unpaired t-test. NS, not significant. \*\**P* \< 0.01.](gkx632fig1){#F1}

Western blotting {#SEC2-3}
----------------

Cells were harvested using trypsin and washed once with PBS. Cell lysates were prepared in RIPA buffer (Pierce, 89901) and cleared by centrifugation at 10 000 × g for 10 min at 4°C. Proteins (20--40 μg/lane) were separated on 4--12% gradient SDS-PAGE, transferred to membrane, and blotted with primary and secondary antibodies. Proteins were visualized based on enhanced chemiluminescence. Proteins were quantified using ImageJ, and the levels were normalized to a control protein.

ELISA assay {#SEC2-4}
-----------

Whole cell lysates prepared with RIPA buffer (Pierce) were cleared, and protein concentration was measured using BCA protein assay (Pierce). Around 10 μg total protein was analyzed using an ELISA kit (DLDLR0, R&D Systems) for human LDLR based on the manufacturer\'s protocol.

Prediction of 5′ UTR structures {#SEC2-5}
-------------------------------

Mfold ([@B51]) was used to predict the secondary structures of *RNASEH1, LDLR* and *ACP1* 5′ UTRs. RNAfold 2.1.8 ([@B52]) was used to predict secondary structures of the first 100 nucleotides of human and mouse mRNA transcripts; sequences were obtained from NCBI ([@B53]). Potential structured mRNA targets were identified as those with a predicted hairpin within the first eight nucleotides from the 5′ cap with at least 10 base pairs in the stem and folding energy less than --50 kcal/mol.

LDL uptake {#SEC2-6}
----------

HEK293 cells were treated with 30 nM ASOs for 15 h or with 5 nM control siRNA targeting *luciferase* or siRNA specific for *LDLR* mRNA for 4 h followed by ASO treatment for an additional 10 h. Medium was then changed to OPTI-MEM medium (Life Technologies) supplemented with 1% fatty acid free BSA (Sigma). After 1 h, bodipy-LDL (Life Technologies) was added at 5 μg/ml final concentration, and cells were incubated for 1 h. After three washes with 0.2 M glycine, 0.15 M NaCl (pH 3.0), cells were harvested and lysed using RIPA buffer. Internalized bodipy-LDL was quantified using a 96-well plate reader (Tecan) and normalized to total protein.

Pulse-chase labeling of nascent protein {#SEC2-7}
---------------------------------------

HeLa cells were transfected with 60 nM ASO814923 for 7 h, and cells were labeled with ^35^S-methionine as described previously ([@B54]). Cell lysates were prepared, and immunoprecipitation was performed using an anti-LDLR antibody (R&D, AF2148). Co-isolated proteins were separated by SDS-PAGE and transferred to a membrane. Labeled proteins were visualized by autoradiography.

Characterization of RNA-protein interactions {#SEC2-8}
--------------------------------------------

A 60-nucleotide fragment of the 5′ UTR of *ACP1* mRNA (XL745, see [Supplementary Information](#sup1){ref-type="supplementary-material"}) was synthesized and capped using vaccinia capping enzyme (New England BioLabs). Approximately 1 nM of capped RNA (XL745) was annealed with ∼1.2 nM ASO812658, control ASO XL398 or no ASO. The RNA/ASO samples were incubated for 45 min at 30°C with cell lysate containing ∼250 μg protein prepared from HEK293 cells, followed by addition of NaBH~3~CN to a final concentration of 20 mM. After incubation at room temperature for an additional 30 min, the RNA-associated proteins were isolated using pre-washed neutravidin beads by incubation at 4°C for 1 h. After extensive washing with wash buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 0.1% Tween and 0.2 unit/μl RNaseOut (Thermo-Fisher)), bound proteins were eluted using RNase One digestion, precipitated, and analyzed by western.

RNA immunoprecipitation {#SEC2-9}
-----------------------

HEK293 cells were treated with 40 nM ASO targeting inhibitory region or a control ASO for 7 h, followed by UV-crosslinking. Cell lysates were prepared, and immunoprecipitation was performed using anti-eIF4A antibody (Abcam, ab31217) pre-coated on Protein A/G beads (Millipore). After incubation at 4°C for 2 h, beads were washed, and bound RNA was prepared using Trizol (Thermo-Fisher). Co-isolated RNAs were quantified by qRT-PCR. *ACP1* mRNA, *ACTB* mRNA, and 7SL RNA amounts were normalized to *DROSHA* mRNA.

RNA preparation and qRT-PCR {#SEC2-10}
---------------------------

Total RNA was prepared from cells or liver homogenates using RNeasy (Qiagen). qRT-PCR was performed in triplicate as described previously ([@B55]) using TaqMan primer probe sets listed in the [Supplementary Information](#sup1){ref-type="supplementary-material"} in a StepOne Real-Time PCR system (Thermo-Fisher). Quantities were normalized to total RNA measured using SYBR Green (Thermo-Fisher). To detect splicing of *RNASEH1* pre-mRNA, reverse transcription was carried out using primers specific to *RNASEH1* (XL560) or *PTEN* mRNA. As a control, one set of reactions was performed without reverse transcriptase. PCR was performed for 25 cycles using primers XL295 and XL296 (for exons 1--2) or XL295 and XL560 (for exons 1--3) for *RNASEH1* mRNA or the primers for *PTEN* mRNA as used for qRT-PCR.

Subcellular fractionation {#SEC2-11}
-------------------------

HEK293 cells grown in 15-cm dishes were transfected using Lipofectamine RNAiMax for 16 h with 25 nM *RNASEH1* ASO761919 or a control ASO761703. Cells were then harvested, and cytoplasmic and nuclear fractions were separated using PARIS kit (Thermo-Fisher) based on manufacturer\'s protocol. RNA was prepared from cytoplasmic and nuclear fractions using RNeasy (Qiagen). *RNASEH1, DROSHA*, and *Malat1* mRNAs were quantified using qRT-PCR.

RNA structural probing {#SEC2-12}
----------------------

Dimethyl sulfate modification and primer extension were performed as described ([@B56]). Briefly, HEK293 cells were treated (or not treated) with ASO813653 for 10 h and were incubated for 3 min at 37°C with 20 μl/ml dimethyl sulfate, followed by washing with ice-cold 30% β-mercaptoethanol. The cells were pelleted and washed with ice-cold PBS. Total RNA was prepared from cells using RNeasy (Qiagen). Primer extension was performed with 7 μg total RNA using a primer XL505 labeled at the 5′ end with ^32^P. The extension products were analyzed on an 8% polyacrylamide, 7 M urea gel next to DNA sequencing reactions performed using the same primer and a plasmid containing the 5′ UTR sequence of human *ACP1*.

*In vivo* study {#SEC2-13}
---------------

Seven-week-old male BALB/c mice (*N* = 3) were given 25 or 50  mg/kg ASO827817 or ASO866017 (control) by subcutaneous injection. After 48 h, mice were given another injection of the same ASO at the same dose. Animals were sacrificed 48 h after the last dose, and liver homogenates were prepared and subjected to either western analysis for ACP1 protein or qRT-PCR analysis for *ACP1* mRNA. All tested animals were included in the analyses.

RESULTS {#SEC3}
=======

ASOs targeting a non-uORF region in the 5′ UTR of *RNASEH1* mRNA can increase the level of the encoded protein {#SEC3-1}
--------------------------------------------------------------------------------------------------------------

Our recent finding that ASOs targeting uORF regions can enhance translation of the primary ORF promoted us to evaluate whether ASOs targeting other region within 5′ UTRs could also increase the amount of protein produced ([@B29]). We initially targeted the 5′ UTR of *RNASEH1*, which encodes the enzyme required for oligonucleotide-directed RNA cleavage. *RNASEH1* mRNA contains a uORF and we have found that ASOs that bind to the uORF start codon increase the amount of RNASEH1 produced ([@B29],[@B38]). The secondary structure of the *RNASEH1* 5′ UTR predicted using Mfold ([@B51]) is shown in Figure [1A](#F1){ref-type="fig"}. We designed 16-nucleotide ASOs with phosphodiester backbones (PO) and 2′-*O*-methyl (Me) sugars to base pair with potential structured regions of the *RNASEH1* 5′ UTR. This type of ASO does not trigger cleavage of complementary RNA ([@B57]). Indeed, the level of *RNASEH1* mRNA was not significantly altered when these ASOs were transfected into HeLa cells ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}).

The ASOs were transfected into HeLa cells, and RNASEH1 protein levels were determined by western analyses. Consistent with our previous findings ([@B29]), three ASOs targeting the uORF region (761909, 761915, 761916) increased the level of RNASEH1 protein (Figure [1B](#F1){ref-type="fig"}). Interestingly, treatment with ASO761919, which base pairs with region predicted to be part of a stem, increased the amount of protein to 214% of that in the mock-treated cells. Though ASO761918 modestly increased the protein level, ASO761917 did not have a significant effect on the quantity of RNASEH1, demonstrating that the effect on protein production is sequence dependent. The RNASEH1 protein produced in ASO761919-treated cells is functional, as in these cells but not in cells treated with a control ASO761703, we observed increased activity of a chimeric ASO designed to activate RNASEH1-mediated cleavage of *Malat1* RNA ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). These experiments and subsequent experiments were performed 3--5 times, and similar trends were observed, although the calculated protein levels varied somewhat due to the semi-quantitative nature of western analyses. Representative results are shown for each experiment.

To determine if the ASO761919 target site in the 5′ UTR of *RNASEH1* mRNA is indeed inhibitory, mutations were made in this region and evaluated using a dual luciferase reporter system, in which the 5′ UTR of *RNASH1* mRNA was placed upstream of the firefly *luciferase* coding sequence ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). To eliminate the influence of the uORF, the uAUG was mutated to uUUG to inactivate uORF translation (H1m). This single mutation increased translation by approximately 7 fold ([Supplementary Figure S2B and C](#sup1){ref-type="supplementary-material"}), consistent with our previous observations ([@B29]). Within the uORF inactivated background, we found that mutation at the upstream sequence of the ASO targeted region (MT1), but not the downstream sequence (MT2), increased translation ([Supplementary Figure S2B and C](#sup1){ref-type="supplementary-material"}). Mutation at the opposite site of the predicted stem 1 (MT4) also increased translation, however, the compensatory mutation for this potential stem (MT5) did not restore inhibition. These results suggest that the site ASO761919 binds has an inhibitory effect on translation of *RNASEH1* mRNA. Since the compensatory mutation did not restore inhibition, the inhibitory effect may not be caused by the predicted stem structure. Other factors, such as protein binding or other secondary or higher order structures, may contribute to the inhibition effect, which is currently unclear and awaits further investigation (see discussion).

Effects of ASOs on the level of the protein were position dependent (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}). This position dependence was confirmed by analyses of ASOs targeting the ASO761919 region (Figure [1C](#F1){ref-type="fig"}). Treatment with these ASOs increased the protein level but to different extents (Figure [1D](#F1){ref-type="fig"}). To confirm that the ASO effect on the protein level depends on ASO/RNA hybridization, ASOs were designed to contain different numbers of mismatches to the target (Figure [1E](#F1){ref-type="fig"}). Increasing the number of mismatches significantly reduced the ability of the ASOs to increase the level of RNASEH1 protein (Figure [1F](#F1){ref-type="fig"}). In addition, co-transfection of ASO761919 with a complementary ASO (ASO927728), but not with a control ASO759704 (Figure [1G](#F1){ref-type="fig"} and [H](#F1){ref-type="fig"}), diminished its effects on protein production without substantially altering *RNASEH1* mRNA levels (Figure [1I](#F1){ref-type="fig"}).

ASOs targeting the inhibitory region can enhance translation {#SEC3-2}
------------------------------------------------------------

Previously we found that ASOs targeting uORFs increase protein level through enhancing translation ([@B29]). We thus evaluated if this is also the case for ASOs targeting this non-uORF inhibitory region. As described above, transfection of the ASO761919 increased the protein level, but not the level of *RNASEH1* mRNA. This was confirmed in multiple experiments. As exemplified in Figure [2A](#F2){ref-type="fig"}, the *RNASEH1* mRNA levels were comparable in mock treated cells and in cells treated with ASO761919 or a control ASO761703, suggesting that the increased protein level was not a result of increased mRNA transcript. In addition, transfection of cells with ASO761919 did not substantially alter the subcellular distribution of *RNASEH1* mRNA. As controls, localization of *Drosha* mRNA and *Malat1* lncRNA, which are cytoplasmic and nuclear RNAs ([@B58]), respectively, were analyzed (Figure [2B](#F2){ref-type="fig"}). In addition, the splicing pattern of *RNASEH1* pre-mRNA was not altered in ASO761919-treated cells compared to control ASO-treated cells, as shown by RT-PCR with primers designed to detect splicing of exons 1, 2 and 3, which are near the ASO binding site (Figure [2C](#F2){ref-type="fig"}--[D](#F2){ref-type="fig"}). These data indicate that the increased protein level observed in cells treated with the ASO targeting the inhibitory region is not due to alteration of mRNA levels or isoforms.

![The ASO increases RNASEH1 protein level by enhancing translation. (**A**) qRT-PCR quantification of *RNASEH1* mRNA in HeLa cells treated with control ASO761703 or *RNASEH1* ASO761919 for 10 h. (**B**) qRT-PCR quantification of *DROSHA, Malat1*, and *RNASEH1* RNAs in cytoplasmic and nuclear fractions of HeLa cells treated with control ASO761703 or ASO761919 for 10 h. Plotted are mean relative RNA levels ± standard deviations of three experiments. (**C**) Schematic representation of the 5′ region of *RNASEH1* mRNA. Primers used for RT-PCR are indicated by arrows and the expected sizes of PCR products are shown. (**D**) The level and splicing patterns for exons 1, 2, and 3 of *RNASEH1* mRNA in ASO and control treated HeLa cells. *PTEN* mRNA served as a loading control. (**E**) qRT-PCR quantification of *RNASEH1* mRNA (left panel) or *PTEN* mRNA (right panel) in monosome (80S) and polysome fractions of HeLa cells treated with 30 nM ASO759704 (control) or ASO761919 for 7 h. The error bars are standard deviations from three experiments. *P*-values were calculated based on unpaired *t*-test. NS, not significant. \**P* \< 0.05; \*\**P* \< 0.01.](gkx632fig2){#F2}

Attempts to determine increased level of nascent RNASEH1 protein failed due to the low level of the protein and lack of highly specific, immunoprecipitation-grade antibody. To confirm that the ASO enhances translation of RNASEH1, polysome profile was analyzed using sucrose gradient fractionation, followed by qRT-PCR analyses for *RNASEH1* mRNA ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Transfection of the ASO761919 led to a shift of the *RNASEH1* mRNA toward polysome-containing fractions, suggesting enhanced translation of the mRNA. We note that this shift was modest but reproducible and was not observed when cells were treated with a control ASO. The distribution of *PTEN* mRNA in the gradient fractions was not significantly affected by ASO treatment.

To further confirm this observation, the gradient fractions containing 80S ribosome (fractions 9--13) and polysomes (fractions 15--25) were pooled, and RNA was prepared. qRT-PCR analysis showed that treatment with the ASO761919 increased the level of *RNASEH1* mRNA in polysome fractions accompanied by reduced levels in 80S fractions (Figure [2E](#F2){ref-type="fig"}, left panel). *PTEN* mRNA levels in monosome and polysome fractions were not affected by ASO treatment (Figure [2E](#F2){ref-type="fig"}, right panel). Together, these data suggest that ASO761919 enhances the translation of the targeted *RNASEH1* mRNA.

The ASO targeting the inhibitory region of *RNASEH1* 5′ UTR has minor off-target effects {#SEC3-3}
----------------------------------------------------------------------------------------

The off-target effects of ASO are of concern ([@B54]). The ASO used here to target the inhibitory region in *RNASEH1* mRNA appears to have very minor non-specific effects on mRNA levels. ASO761919 has the potential to imperfectly base pair with several mRNAs including *CYTH3, PPP2R2C*, and *DMXL2* ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}). The levels of these mRNAs were not affected by transfection of the ASO as determined by qRT-PCR ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}). Importantly, CYTH3 protein levels were not affected by the ASO treatment ([Supplementary Figure S4C](#sup1){ref-type="supplementary-material"}). We attempted but failed to detect the other two proteins by western due to the low levels of expression in these cells. To further evaluate the effect of the ASO on gene expression at a global level, microarray analyses were performed. Genes that exhibited altered expression upon treatment with ASO761919 (absolute log~2~ ratio \> 1, *P* value \< 0.05) are listed in [Supplementary Tables S1 and S2](#sup1){ref-type="supplementary-material"}. Very minor changes in gene expression were observed: Modest increases were observed in 282 mRNAs and modest decreases were observed in 27 mRNAs in the ASO treated cells compared with mock treated cells. The number of affected genes is small, especially when compared with the effects of siRNA transfection, which can cause altered expression of thousands of genes ([@B59]).

Changes in mRNA levels were modest with absolute log~2~ values \<2. The basal expression levels of genes that showed altered expression upon the ASO treatment were generally low. The mean signal intensity of the entire gene population was ∼8500 units, whereas the means of the signal intensity for the increased or reduced genes were ∼2100 or 2400, respectively (data not shown). This low level of expression makes the level changes detected by microarray assay less reliable. To validate the altered expression of these genes, qRT-PCR was performed to detect the mRNA levels for five genes with increased signal in the microarray assay (*Abca2, FBP1, GPC5, PARK2* and *ACP1*), one gene with reduced signal (*CLCN5*), and one gene with no significant change (*DROSHA*) ([Supplementary Figure S4D](#sup1){ref-type="supplementary-material"}). No significant changes were detected, with the exception of *PARK2*. Levels of *PARK2* were increased by about 20% in the ASO treated cells. These results suggest that the changes in levels of mRNAs observed in microarray assay for many genes are false-positive signals, likely due to the low abundance of the mRNAs.

Consistent with the observation that the level of *ACP1* mRNA was not altered upon treatment of the *RNASEH1* ASO, the level of ACP1 protein was also not affected, as demonstrated by western analyses ([Supplementary Figure S4E](#sup1){ref-type="supplementary-material"}). Together, these observations suggest that the ASO has very minor off-target effects on the levels of mRNAs. The ASO appears to modulate translation in a manner dependent on both complementarity with target mRNA and the position of the base-pairing site in an mRNA, thus, in theory, the probability that such an ASO will modulate translation of a non-targeted mRNA is low.

As the ASOs can enhance translation without affecting the levels of mRNAs, it is possible that off-target effects are manifested as increased protein levels without alteration at the mRNA level. To evaluate this possibility, a proteomics study was performed to quantify protein levels in cells either mock-treated or treated with the ASO761919, using iTRAQ/TMT labeling followed by LC--MS/MS analysis, a method that has been used to detect protein level changes ([@B60]). Although RNASEH1 protein was not detected using this proteomics method, that RNASEH1 levels increased in the ASO treated sample was confirmed by western blot ([Supplementary Figure S4F](#sup1){ref-type="supplementary-material"}, inset). Of the 1990 proteins quantified by the mass spectrometry analysis ([Supplementary Figure S4F](#sup1){ref-type="supplementary-material"} and data not shown), none had significantly higher levels in the ASO-treated cells (based on an absolute log~2~ ratio greater than 1; *P* values were \< 0.05) and only one (RRP44) was shown to be reduced ([Supplementary Figure S4G](#sup1){ref-type="supplementary-material"}). The mechanism for the reduction in RRP44 levels is unknown; the ASO had no significant base-pairing potential with this mRNA (data not shown). These results, together with the observations that the ASO modulates translation in both sequence and position dependent manner, suggest that the ASO has minor off-target effects.

LDLR mRNA contains an inhibitory structure in the 5′ UTR {#SEC3-4}
--------------------------------------------------------

To determine if ASOs can be used to increase the levels of other proteins, we analyzed the 5′ UTR of human *LDLR* mRNA for potential secondary structures. The receptor encoded by this mRNA is required for cellular uptake and degradation of low-density lipoproteins ([@B61]). Agents that increase LDLR levels should reduce plasma cholesterol levels and thus have therapeutic potential ([@B62]). Although human *LDLR* mRNA contains two potential uORFs (Figure [3A](#F3){ref-type="fig"} and [Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}), these uORFs probably have no or little effect on regulation of translation, as an AUG to UUG mutation of the first uORF did not have a significant effect on translation, as demonstrated using the dual luciferase reporter assay ([Supplementary Figure S5B-C](#sup1){ref-type="supplementary-material"}). Mutation of the second uORF caused only about a 40% increase in translation, which is very modest when compared with a known functional uORF. For example, mutation of the start codon at the *RNASEH1* uORF led to a 7-fold increase in translation activity ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}).

![Predicted structure in *LDLR* 5′ UTR inhibits translation. (**A**) Predicted secondary structure of a region of the 5′ UTR of human *LDLR* mRNA. The shadowed areas indicate uAUGs. The ASO binding sites are indicate by lines. (**B**) RNA sequence and mutations in the predicted structure region of *LDLR* mRNA; sequence is shown for the region of the mRNA beginning at position 1. The stem structure involves the base at position +4. The complementary mutations are indicated. The arrow head indicates an A--C mismatch. (**C**) Luciferase activity of the reporters containing wild-type or mutated *LDLR* 5′ UTR sequences shown in panel B analyzed in HEK293 cells. (**D**) Predicted secondary structure of the *LDLR* 5′ UTR with the 5′ side mutation. The position of newly formed stem structure relative to the 5′ end is indicated; this stem involves the base at position +2. (E) Schematic of structure and deletion mutations in the predicted structure region of *LDLR* 5′ UTR. (**F**) Luciferase activity of the reporters containing deletions shown in panel E. Error bars are standard deviations of three experiments. *P* values were calculated based on unpaired *t*-test. NS, not significant. \*\*\**P* \< 0.001; \*\*\*\**P*\< 0.0001.](gkx632fig3){#F3}

The 5′ UTR of *LDLR* mRNA is predicted to be highly structured, with a stem adjacent to the 5′ cap (Figure [3A](#F3){ref-type="fig"}). It has been well demonstrated that secondary structures in 5′ UTR can inhibit translation in a manner that is correlated with thermodynamic stability and is dependent on the proximity to the 5′ cap ([@B40],[@B42],[@B44]--[@B48],[@B63]). Structures with more stable stems or shorter distance from the cap appear to be more inhibitory. This position-dependent effect was also confirmed in our study. We designed 18-mer ASOs modified with 2′-*O*-methoxyethyl to base pair with the 5′ UTR of *NCL1* mRNA to mimic potential duplex structures ([Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}). The 5′ UTR sequence of *NCL1* mRNA near the cap is not predicted to contain secondary structure (data not shown). Consistent with previous findings ([@B44],[@B47],[@B63]), the ASO-mediated translation inhibition of the human *NCL1* mRNA occurred in a manner that was dependent on distance of the duplex structure from the cap ([Supplementary Figure S6B](#sup1){ref-type="supplementary-material"}). Though ASOs targeting positions beginning 6 to 12 nt from the cap reduced NCL1 protein levels, the inhibitory effect was significantly reduced when ASOs were hybridized further downstream (positions 14--18nt from the cap). We note that the ASOs targeting positions beginning 14 to 18 nt from the cap have slightly higher GC content (62.5%) than the ASOs targeting upstream sequences (56.25--62.5%) ([Supplementary Figure S6C](#sup1){ref-type="supplementary-material"}), suggesting that weaker inhibition was not due to lower binding affinity for the mRNA.

To determine if the predicted secondary structure of *LDLR* mRNA is inhibitory, mutational analyses were performed using the dual-luciferase reporter system. Complementary mutations were performed at either the 5′ or the 3′ side of the predicted stem structure to disrupt the potential base pairing or to generate compensatory mutations to restore the potential structure (Figure [3B](#F3){ref-type="fig"}). We found that mutations at either the 5′ or 3′ side of the predicted stem structure increased translation, with greater increase for the 3′ side mutation (Figure [3C](#F3){ref-type="fig"}). These data indicate that this region indeed suppresses translation of downstream pORF. Importantly, when compensatory mutation was performed, the inhibition effect was restored, supporting the view that the predicted structure, rather than the sequence, of the 5′ UTR of *LDLR* mRNA inhibits translation. The slightly enhanced inhibition may be explained by the observation that the original stem contains an A/C mismatch, whereas in the compensatory mutation this was converted to U/G, which may lead to a more stable structure.

As the 5′ side mutation unexpectedly showed a weaker effect than the 3′ side mutation on translation inhibition in the reporter assay, we used Mfold to predict the structure formed with the mutant sequences. The 3′ side mutation was predicted to be less structured (data not shown); however, the sequence of the 5′ side mutation had the potential to form a 9-base-pair stem (Figure [3D](#F3){ref-type="fig"}) that involves position +2, which is closer to the 5′ cap than the original stem (+4) (Figure [3B](#F3){ref-type="fig"}). We then made mutants in which the 5′ (5d) or 3′ (3d) side of the stem was deleted (Figure [3E](#F3){ref-type="fig"}). The sequences after deletion were not predicted to form thermodynamically stable structures near the 5′ end of the 5′ UTR (data not shown). As a control, a region downstream from the stem was deleted (dd). Deletion of either the 5′ or the 3′ side of the potential stem led to an approximately 2-fold increase in the luciferase activity (Figure [3F](#F3){ref-type="fig"}), whereas the control deletion that does not affect the stem structure had no significant effect. Together, these results strongly suggest that the stem structure near the 5′ end of *LDLR* 5′ UTR inhibits translation.

ASOs targeting the structured region of *LDLR* increase LDLR protein levels {#SEC3-5}
---------------------------------------------------------------------------

We designed ASOs with PO backbones and 2′-*O*-Me sugar modification to base pair with the 5′ or 3′ side of the predicted duplex in the *LDLR* 5′ UTR structure (Figures [3A](#F3){ref-type="fig"} and [4A](#F4){ref-type="fig"}). Since 5′ UTR structures can inhibit translation in a position-dependent manner ([@B32],[@B33],[@B44]), we reasoned that the ASO targeting the 3′ side of the stem should disrupt the hairpin near the 5′ cap, replacing it with a duplex formed with the ASO at a distance from the 5′ cap that should have little effect on translation, leading to increased protein levels (Figure [4A](#F4){ref-type="fig"}). On the other hand, we assumed that the ASO targeting the 5′ side of the stem structure, which will result in the formation of a perfect duplex between ASO and mRNA near the 5′ cap, would inhibit translation as effectively as the intramolecular mRNA secondary structure. Indeed, reduced levels of LDLR protein were observed when the 5′ side targeting ASO (XL824) was transfected into HEK293 cells, as determined by ELISA (Figure [4B](#F4){ref-type="fig"}). This result is consistent with our observations for the *NCL1*-targeted ASOs ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}) and with previous observations that structural elements have stronger inhibitory effects on translation when placed close to the 5′ cap ([@B44],[@B47]). The reduced level of LDLR protein observed upon XL824 treatment was not due to decreased mRNA levels, since in cells treated with XL824 the level of *LDLR* mRNA was increased (Figure [4C](#F4){ref-type="fig"}), likely due to compensatory effects.

![Translation of LDLR protein is enhanced by targeting the predicted structure using an ASO. (**A**) The potential effect of an ASO on the predicted structure is depicted. (**B**) ELISA analyses for LDLR protein levels in HEK293 cells transfected for 15 h with XL824, which targets the 5′ side of the predicted stem. (**C**) qRT-PCR quantification of *LDLR* mRNA in cells treated with XL824. (**D**) ELISA analyses for LDLR protein in HEK293 cells transfected for 15 h with ASO814923, targeting the 3′ side of the potential stem or an ASO XL506 targeting a potential uORF. ASO concentration 0 indicates mock transfection. (**E**) Western analyses for LDLR protein in HEK293 cells treated with 30 nM ASO814923 for 10 h. Levels were normalized to those of GAPDH. (**F**) qRT-PCR quantification of *LDLR* mRNA levels in HEK293 cells treated with the ASO. (**G**) Autoradiography of ^35^S-methionine-labeled nascent LDLR protein isolated by immunoprecipitation from cells treated with ASO814923 (+) or mock-treated (--) for 7 h. An aliquot of cell lysate used for immunoprecipitation was analyzed by SDS-PAGE, and labeled nascent proteins were visualized by autoradiography (right panel). The level of nascent LDLR protein was normalized to signal from band marked by an arrow, and relative levels are given below the lanes. (**H**) qRT-PCR quantification of *LDLR* mRNA co-immunoprecipitated using an anti-eIF4A antibody or control IgG from mock transfected HEK293 cells (UTC) or cells treated with the ASO814923 for 10 h. 7SL RNA and *RNASEH1* mRNA were quantified as controls. (**I**) LDL uptake in HEK293 cells treated with 30 nM ASO814923 or 30 nM control ASO812662 for 15 h. (**J**) qRT-PCR for *LDLR* mRNA levels in HEK293 cells treated with siRNA targeting *luc* or *LDLR* for 4 h, followed by treatment with or without ASO814923 (40 nM) for an additional 10 h. (**K**) ELISA analyses for LDLR protein levels in HEK293 cells treated with siRNAs, followed by treatment with ASO814923. (**L**) LDL uptake in HEK293 cells treated with siRNAs for 4 h, followed by treatment of the ASO for 10 h, and LDL uptake analysis. The error bars are standard deviations from three experiments. *P*-values were calculated based on unpaired t-test. NS, not significant. \*\**P* \< 0.01; \*\*\**P* \< 0.001 and \*\*\*\**P* \< 0.0001.](gkx632fig4){#F4}

When cells were treated with the ASO targeting the 3′ side of the predicted stem (ASO814923), the level of LDLR protein was increased to ∼240% (Figure [4D](#F4){ref-type="fig"}). Other ASOs designed to hybridize near the binding site for ASO814923 also substantially increased the level of LDLR protein, although to different extents ([Supplementary Figure S7A--C](#sup1){ref-type="supplementary-material"}). When cells were treated with an ASO (XL506) targeting further downstream within the potential uORF region (Figure [3A](#F3){ref-type="fig"}), the levels of LDLR protein were comparable with the levels in mock-treated cells (Figure [4D](#F4){ref-type="fig"}). This result is consistent with observations from our mutational analysis that indicate that the uORF of *LDLR* mRNA is not highly inhibitory ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}).

ASOs targeting the inhibitory structure enhance translation efficiency of LDLR and increased the LDL uptake {#SEC3-6}
-----------------------------------------------------------------------------------------------------------

That the ASO treatment increased the level of LDLR protein was also confirmed by western analysis (Figure [4E](#F4){ref-type="fig"}). The ASO814923 targeting the 3′ side of the inhibitory structure did not alter the *LDLR* mRNA levels as shown by qRT-PCR (Figure [4F](#F4){ref-type="fig"}), consistent with the hypothesis that the ASO enhances translation. To confirm this, pulse-chase labeling was performed using ^35^S-methionine, followed by immunoprecipitation with an antibody to LDLR protein. As shown in Figure [4G](#F4){ref-type="fig"}, the level of nascent LDLR protein was significantly increased in the ASO treated cells, to ∼310% relative to mock-treated cells (Figure [4G](#F4){ref-type="fig"}, left panel). Polysome profile analyses also indicate that ASO814923 enhances translation. While the migration profiles of 28S rRNA were superimposable for control or the ASO treated cells ([Supplementary Figure S8A and D](#sup1){ref-type="supplementary-material"}), *LDLR* mRNA was modestly shifted toward polysome regions in cells treated with this ASO ([Supplementary Figure S8B](#sup1){ref-type="supplementary-material"}), suggesting increased translation. As a control, the ASO targeting the 5′ side of the stem that reduced LDLR protein level caused shift of the *LDLR* mRNA toward the top of the gradient ([Supplementary Figure S8E](#sup1){ref-type="supplementary-material"}), indicating a reduction in translation. The ASOs were specific for the targeted *LDLR* mRNA as the migration patterns of an untargeted *PTEN* mRNA were not substantially altered by either ASO ([Supplementary Figure S8C and F](#sup1){ref-type="supplementary-material"}).

To further confirm an enhanced translation of *LDLR* mRNA by the ASO814923, immunoprecipitation was performed using an antibody against translation factor eIF4A1. Upon treatment with the ASO, significantly more *LDLR* mRNA was precipitated with eIF4A1, as compared with that from control cells. *RNASEH1* mRNA was recovered to a similar extent from treated and untreated cells, but little 7SL RNA, a non-coding RNA, was precipitated with eIF4A1 (Figure [4H](#F4){ref-type="fig"}). Together, these results indicate that the ASO enhanced translation efficiency of *LDLR* mRNA.

LDLR mediates cellular uptake of LDL from plasma *in vivo* ([@B61]). For patients with high levels of cholesterol, it is therapeutically beneficial to increase LDLR protein levels as thus enhances the clearance of the LDL-cholesterol. To determine if the ASO that increases the level of LDLR protein also promotes LDL uptake, cells pre-treated with the ASO were incubated with bodipy-labeled LDL for 1 h. The level of internalized LDL was then measured. LDL uptake was increased by approximately 50% in cells treated with this ASO, compared with mock treated cells and with cells treated with a control ASO812652 (Figure [4I](#F4){ref-type="fig"}). In addition, it appears that the ASO-mediated increase of LDL uptake is dependent on the level of LDLR protein, as reduction of the *LDLR* mRNA using siRNA treatment abolished the ASO effect (Figure [4J](#F4){ref-type="fig"}--[L](#F4){ref-type="fig"}). This result indicates that the protein produced from the *LDLR* mRNA targeted by the ASO is functional and that ASO treatment can lead to phenotypical changes related to the biological function of the protein encoded by the targeted mRNA.

Chemical modifications enhance the ASO activity {#SEC3-7}
-----------------------------------------------

ASO814923 is a 2′-*O*-Me ASO linked with PO backbones. ASOs that are active *in vivo* must be chemically modified to ensure stability in serum and to facilitate delivery into tissues. We therefore synthesized ASO842196, which has the same sequence and 2′-*O*-Me modifications as ASO814923 but has a phosphorothioate (PS) backbone. Compared with PO-ASOs, PS-ASOs exhibit dramatically enhanced pharmacological properties ([@B64]). PS-ASOs dosed systemically distribute to different organs ([@B65]). The PS-ASO (ASO842196) was transfected into HeLa cells, and the level of LDLR protein was determined by ELISA. The results showed that ASO842196 treatment significantly increased the protein level, to ∼2.5-fold of that in mock treated cells (Figure [5A](#F5){ref-type="fig"}). Similarly, the PS-ASO (ASO842196) also increased the LDLR protein level in HEK293 cells (Figure [5B](#F5){ref-type="fig"}). These results indicate that the PS-backbone ASOs targeting 5′ UTR inhibitory structure can increase protein levels in different cell types.

![ASOs with different modifications can increase LDLR protein levels. (**A**) ELISA analysis for LDLR protein levels in HeLa cells treated with ASO842196 for 15 h at different concentrations. (**B**) ELISA analyses for LDLR protein levels in HEK293 cells transfected with ASO842196, ASO842197, or ASO842206 at indicated concentrations for 12 h. Means ± standard deviations of three independent experiments are plotted. *P*-values were calculated based on unpaired *t*-test. \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001.](gkx632fig5){#F5}

In our studies on the effects of ASOs on uORF-mediated translation, we demonstrated that there is a balance between the ability of the ASOs to bind to the uORF region and the requirement that the ASO must be removed in order for the ribosome to translate the mRNA ([@B29]). Unlike uORFs, which decrease pORF translation efficiency by causing initiation at an inappropriate AUG, 5′ UTR structures can inhibit PIC binding or scanning along the 5′ UTR, in a position and thermodynamic stability dependent manner ([@B29],[@B33],[@B44],[@B47],[@B63]). To analyze the role of affinity of the ASO targeting the inhibitory structures, we synthesized ASOs with the 2′-constrained-ethyl (cEt) modification, which increases the thermal stability of the duplex by 3.5--4.5°C per modification ([@B66]). The 16-mer, cEt-modified ASO842197 was more potent than the PS/Me-ASO (ASO842196), with an increase in LDLR protein level to 270% (Figure [5B](#F5){ref-type="fig"}), likely because the higher affinity of the cEt-containing ASO allows it to invade the secondary structure more effectively than does the PS/Me-ASO. However, when the affinity was further increased using an 18-mer cEt-containing ASO (ASO842206), the activity was reduced compared with the 16-mer cEt-containing ASO, suggesting that there is an optimal affinity for ASOs targeting the inhibitory structures.

Identification of potential secondary structures and targeting of such structure in *ACP1* mRNA {#SEC3-8}
-----------------------------------------------------------------------------------------------

In addition to *LDLR*, translation inhibition by 5′ UTR secondary structure has been observed in different mRNAs in different eukaryotic cells, such as *CYC1, HIS4, PYK1, PDGF* and *ODC* mRNAs ([@B67]--[@B71]). To enable broader application of ASOs targeting structural inhibitory elements in other mRNAs, we developed an *in silico* approach to predict potential structures. It has been shown previously that among the many factors that may affect translation, the 5′ UTR secondary structure (free energy) is the most predictive variable, followed by other factors including uORFs and the presence of stable secondary structures within the first 100 nt from the cap ([@B34]). Thus, secondary structures were predicted for the first 100 nucleotides of 5′ UTRs of all available human and mouse mRNAs, and free energies were calculated for the potential stem structures as described in the Materials and Methods section. The mRNAs were sorted based on free energy; ∼56% of human and mouse mRNAs were predicted to contain potential secondary structures with free energies less than --30 kcal/mol (data not shown). The 25 mRNAs that potentially form the lowest free energy structures are listed in [Supplementary Table S3](#sup1){ref-type="supplementary-material"}.

Among these mRNAs, human *ACP1* mRNA was selected for further study due to the abundance of the protein in cells and the availability of antibodies. In addition, this mRNA does not contain a potential uAUG (data not shown). ASOs were designed to target a predicted hairpin near the 5′ cap and a downstream stem structure (Figure [6A](#F6){ref-type="fig"}). Treatment of HEK293 cells with 16-mer 2′-*O*-Me-modified ASOs with either PO (ASO812653) or PS (ASO812675) backbones targeting the 3′ side of the 5′-most stem structure dose-dependently increased the level of ACP1 protein (Figure [6B](#F6){ref-type="fig"} and [C](#F6){ref-type="fig"}). Increased protein levels were also achieved with an 18-mer PS-ASO modified with both 2′-*O*-Me and cEt (ASO813860) targeting the same region (Figure [6D](#F6){ref-type="fig"}). A 16-mer PO/2′-*O*-Me-modified ASO (ASO812652) targeting a region slightly downstream also increased the protein level (Figure [6E](#F6){ref-type="fig"}), but to a lesser extent than ASO812653, again indicative of a positional effect. Indeed, ASO812655, which targets a downstream stem, had no effect on the level of ACP1 protein (Figure [6F](#F6){ref-type="fig"}). This hairpin is not in close proximity to the 5′ cap and probably does not act to inhibit translation, like previously demonstrated for the positional effects ([@B44]). Consistent with the observations made during our analysis of ASOs targeting *LDLR* mRNA (Figure [3C](#F3){ref-type="fig"}), an ASO targeting the 5′ side of the predicted stem near the cap of *ACP1* mRNA reduced the ACP1 protein level (Figure [6G](#F6){ref-type="fig"}), without reducing the levels of *ACP1* mRNA (Figure [6H](#F6){ref-type="fig"}), again consistent with previous observations of a distance-dependent effect of the 5′ UTR structures on translation ([@B33]).

![ASOs targeting a predicted stem structure in the *ACP1* 5′ UTR increase ACP1 protein levels in HEK293 cells. (**A**) The predicted secondary structure of a region of the 5′ UTR of human *ACP1* mRNA. The ASO binding sites are indicated by lines. The upper case letters in the mRNA indicate coding region sequence. Western analyses were performed to detect ACP1 protein in HEK293 cells transfected for 10--15 h with a 16-mer PO/Me ASO (**B**) and a PS/Me ASO (**C**), an 18-mer PS/Me-cEt ASO (**D**), a 16-mer PO/Me ASO targeting a slightly downstream sequence (**E**), and an 18-mer PO/Me ASO targeting a further downstream stem (**F**). A 16-mer PO/Me ASO targeting the 5′ side the 5′-most stem was also tested (**G**). Proteins used as loading controls are indicated in each panel. The percentages of ACP1 relative to protein levels in mock treated cells are listed below the lanes. (**H**) qRT-PCR for the levels of *ACP1* mRNA in cells treated with XL753 for 10 h. Means ± standard deviations of three independent experiments are plotted. *P*-values were calculated based on unpaired *t*-test. \*\**P* \< 0.01.](gkx632fig6){#F6}

ASOs targeting the potential 5′ UTR structure of *ACP1* mRNA enhances the recruitment of translation initiation factors {#SEC3-9}
-----------------------------------------------------------------------------------------------------------------------

The *ACP1* mRNA contains a potential secondary structure but not a uORF. We thus used this mRNA as a model target to study the potential mechanism of how ASOs targeting the potential structured region enhance translation. Consistent with observations described above for *RNASEH1* and *LDLR* ASOs, ASO812653 treatment did not substantially alter *ACP1* mRNA levels ([Supplementary Figure S9A](#sup1){ref-type="supplementary-material"}). Although an 18-mer PO/Me ASO targeting the potential structure region increased ACP1 protein levels ([Supplementary Figure S9B](#sup1){ref-type="supplementary-material"}), a mismatched ASO targeting the same site did not ([Supplementary Figure S9C and D](#sup1){ref-type="supplementary-material"}).

Translation of ACP1, as well as LDLR, appears to be cap-dependent, since treatment of cells with 4E1Rcat, a small molecule that inhibits cap-dependent translation by disrupting the interaction between eIF4E and eIF4G, reduced ACP1 protein production (Figure [7A](#F7){ref-type="fig"}). In our study of uORF-targeted ASOs we showed that helicases known to be involved in translation, such as DHX29 ([@B72]), is required for the ASO-mediated translation activation ([@B29]). The effect of the *ACP1* targeted ASO was also dependent on the helicases, since in cells depleted of DHX29 using siRNA, the ASO did not enhance translation as it did in control cells treated with luciferase siRNA (Figure [7B](#F7){ref-type="fig"} and [C](#F7){ref-type="fig"}). These observations imply that the ASO targeting the predicted structure needs to be removed from the mRNA by helicases during scanning by the PIC, and that the mRNA structure may thus be dynamic, as described previously ([@B73]). Consistent with this view, dimethyl sulfate modification patterns in the 5′ UTR of *ACP1* mRNA were similar in the presence and absence of the ASO ([Supplementary Figure S9E](#sup1){ref-type="supplementary-material"}).

![The *ACP1* ASO enhances binding of translation initiation factors to *ACP1* mRNA. (**A**) Western analyses of ACP1 and LDLR proteins in HeLa cells treated for 30 h with 15 μM 4E1Rcat. The lower panel shows a Coomassie-blue stained image from a duplicate gel, which serves as control to ensure equal loading. (**B**) Western analysis for DHX29 in HEK293 cells treated with 3 nM siRNAs targeting *DHX29* or *luc* for 24 h. (**C**) Western analysis for ACP1 protein in HEK293 cells treated with *DHX29* or *luc* siRNAs for 24 h, followed by transfection of ASO812653 for an additional 10 h. ANXA2 served as a loading control. The percentages of ACP1 protein relative to mock treated cells (ASO concentration 0) are shown below the lanes. (**D**) Western analyses for eIF4A (upper panel) and eIF2a (middle panel) proteins co-isolated with a 3′-biotinylated, 5′-capped RNA derived from the 5′ UTR of human *ACP1* mRNA in the presence of ASO812658, control ASO XL398, or no ASO. The same membrane was re-probed using rabbit serum to detect non-specific band that served as loading control (lower panel, indicated by an asterisk). Percentages relative to samples with no ASO are given. (**E**) qRT-PCR quantification of *ACP1* mRNA (left panel), 7SL RNA (middle panel), and *ACTB* mRNA (right panel) co-immunoprecipitated using an anti-eIF4A antibody or a control IgG from cells transfected with indicated ASOs or mock-transfected cells (UTC). Plotted are means ± standard deviations from three experiments. *P*-values were calculated based on unpaired *t*-test. NS, not significant. \**P* \< 0.05.](gkx632fig7){#F7}

To confirm that the predicted secondary structure in the 5′ UTR of *ACP1* mRNA is indeed inhibitory, mutational analyses were performed in a dual luciferase reporter system ([Supplementary Figure S10A](#sup1){ref-type="supplementary-material"}). Mutation of either the 5′ or the 3′ side of the predicted stem significantly increased translation efficiency ([Supplementary Figure S10B](#sup1){ref-type="supplementary-material"}), indicating that this region is inhibitory. Interestingly, the compensatory mutation did not fully restore the inhibitory effect to wild-type levels ([Supplementary Figure S10B](#sup1){ref-type="supplementary-material"}). This observation suggests that other factors, such as protein binding or higher order structure, may also contribute to the inhibition by this region.

To evaluate whether the ASO targeting the inhibitory region of *ACP1* mRNA affects the loading of translational machinery to the mRNA, affinity selection from cell lysate was performed using a synthetic 5′-capped and 3′-biotinylated RNA derived from the *ACP1* mRNA 5′ UTR sequence. This RNA was annealed with ASO812658 that base-pairs with the 3′ side of the predicted stem or was incubated with a control ASO prior to affinity selection. The selected proteins were eluted by RNase treatment and analyzed by western blotting. A substantial increase in the binding of eIF4A and eIF2a proteins to the RNA was observed in the presence of ASO812658, compared with a control ASO or no ASO (Figure [7D](#F7){ref-type="fig"}). This suggests that the binding of ASO812658 enhances the recruitment of PIC. Consistent with increased binding of initiation factors to *ACP1* mRNA upon the ASO binding, slightly more *ACP1* mRNA was co-isolated with eIF4A from cells treated with ASO812658 compared with that from cells treated with a control ASO (Figure [7E](#F7){ref-type="fig"}, left panel). The non-coding 7SL RNA was not co-purified with eIF4A with either ASO (Figure [7E](#F7){ref-type="fig"}, middle panel). Further, *ACTB* mRNA, which has a similar length of 5′ UTR as the *ACP1* mRNA, was comparably recovered from untreated and ASO treated cells (Figure [7E](#F7){ref-type="fig"}, right panel), similar to what was observed for the ASO targeting the 5′ UTR inhibitory structure of *LDLR* mRNA (Figure [4H](#F4){ref-type="fig"}). Together, these results suggest that the ASO targeting the 3′ side of the inhibitory stem region enhances recruitment of translation initiation factors to the target mRNA.

An ASO targeting the inhibitory structure increases the level of ACP1 protein in mouse cells and in mice {#SEC3-10}
--------------------------------------------------------------------------------------------------------

Next, we evaluated whether the predicted structures in human are also present in mouse mRNAs. No significant structures were found near the 5′ cap for mouse *LDLR* mRNA, and ASOs targeting the 5′ UTR of mouse *LDLR* did not significantly increase the level of the protein in mouse MHT cells (data not shown). This suggests that regulation of *LDLR* translation is different in human and mouse cells. A stem structure is predicted to form near the 5′ end of the mouse *ACP1* mRNA (Figure [8A](#F8){ref-type="fig"}), and the mRNA sequence in this region is conserved between human and mouse (not shown), suggesting that translation of mouse *ACP1* mRNA may be similarly regulated like the human mRNA. PO and PS ASOs with 2′-*O*-Me sugars were designed to target the 3′ side of the predicted stem of mouse *ACP1* mRNA (Figure [8A](#F8){ref-type="fig"}). Transfection of mouse MHT cells with ASOs targeting the stem significantly increased the level of ACP1 protein relative to levels in mock treated cells (Figure [8B](#F8){ref-type="fig"} and [C](#F8){ref-type="fig"}). These data suggest that the 5′ UTR mediated regulation of *ACP1* mRNA translation is conserved between human and mouse, and that ASOs targeting the potential inhibitory region can increase the protein level in mouse cells. That 5′ UTR inhibitory structures are targetable with ASO in mouse cells was further demonstrated by experiments that showed that an ASO targeting the 3′ side of a predicted 5′ UTR stem structure of the mouse *ARF1* mRNA increased the level of ARF1 protein in MHT cells ([Supplementary Figure S11](#sup1){ref-type="supplementary-material"}).

![ASO treatment increases ACP1 protein levels in mouse cells and in animals. (**A**) The predicted secondary structure of a region of the 5′ UTR of mouse *ACP1* mRNA. The binding site for the ASOs is indicated. (**B**) Western analysis for ACP1 in MHT cells transfected for 10 h with PO ASO827814. TCP1β served as a loading control. (**C**) Western analysis for ACP1 in MHT cells transfected for 10 h with PS ASO827815. TCP1β served as a loading control. Percentages relative to mock treated samples are given. (**D**) Western analyses for ACP1 protein levels in liver homogenates of mice (N = 3) treated twice at a 48-h interval with *ACP1* ASO827817. (**E**) Western analysis for ACP1 protein levels in liver homogenates of mice treated with control ASO866017. TMED10 served as a loading control. (**F**) Quantification of ACP1 as a percentage of protein in saline-treated mice. Error bars represent standard deviations (*N* = 3). *P*-values were calculated based on unpaired *t*-test. \**P* \< 0.05; \*\**P* \< 0.01; NS, not significant. (**G**) qRT-PCR quantification of *ACP1* mRNA levels in the liver samples from mice treated with different ASOs. Equal portions of liver homogenates from each group were pooled, and total RNA was prepared and subjected to qRT-PCR. The error bars represent standard deviations from three independent experiments.](gkx632fig8){#F8}

We next investigated whether an ASO targeting a 5′ UTR inhibitory region could increase the level of protein in mice. For this experiment, a version of the ASO targeting the *ACP1* mRNA with a PS backbone was synthesized to ensure delivery *in vivo*. This ASO (ASO827817) or a control (ASO866017) was injected subcutaneously into mice (*N* = 3) at 25 or 50 mg/kg; dosing was repeated 48 h later. Mice were sacrificed 48 h after the last dose, and liver samples were prepared. Western analyses showed that the ACP1 protein was increased by 58% (*P* = 0.027, 95% confidence interval (CI) 10.7--105.2%) and 67% (*P* = 0.007, 95% CI 30.4--103.8%) in mice treated with 25 and 50 mg/kg ASO827817, respectively, compared with ACP1 protein levels in mice treated with saline, whereas the control ASO did not have a significant effect (Figure [8D](#F8){ref-type="fig"}--[F](#F8){ref-type="fig"}). Consistent with the *in vitro* observations, the *ACP1* mRNA levels were comparable in control ASO- or *ACP1* ASO-treated mice (Figure [8G](#F8){ref-type="fig"}).

DISCUSSION {#SEC4}
==========

An approach that would enable an increase in levels of a specific protein *in vivo* would be therapeutically useful. Several approaches have been developed for this purpose including virus-mediated delivery of DNA constructs, formulated delivery of mRNAs, and inhibition of repression elements ([@B8],[@B74]). Challenges in delivery and other issues limit broad utilization. Previously we reported that ASOs targeting uORFs of mRNAs can specifically increase the levels of targeted proteins ([@B29]), but not all mRNAs contain uORFs and some uORF may not be inhibitory. Here we used ASOs to disrupt other inhibitory elements in the 5′ UTRs. By targeting predicted inhibitory structures, we showed that three human proteins (RNASHE1, LDLR and ACP1) and two mouse proteins (ACP1 and ARF1) could be increased using ASOs. Importantly, protein levels were increased in mice by subcutaneous injection of chemically modified ASOs without the need of formulation.

Many factors, including mRNA structure, protein binding, and miRNA binding, can inhibit translation. Disruption of these inhibitory elements using *trans*-acting ASOs may thus lessen the suppression effects, leading to increased translation efficiency and higher protein levels. Translation regulation by 5′ UTRs is not fully understood, however, the inhibitory effect of uORFs and 5′ UTR structures has been well demonstrated ([@B19],[@B27],[@B33],[@B75]). Some mRNA 5′ UTRs, including those listed in the [Supplemental Table S3](#sup1){ref-type="supplementary-material"}, are GC rich and might form G-quadruplex or other higher order structures that could be targeted with ASOs ([@B37]). Some predicted structural elements, such as the one present in the 5′ UTR of *RNASHE1* mRNA, are not G rich and the predicted secondary structure does not have high thermodynamic stability. The ASO targeting region in *RNASEH1* 5′ UTR is inhibitory, yet the compensatory mutation for the predicted stem structure did not restore inhibition. It is currently unclear how this region inhibits translation. It is possible that this region may form a different secondary structure, or a higher order structure, or may interact with *trans*-acting factors to inhibit translation. Translation inhibition by 5′ UTR elements other than the structural inhibitory elements is less well-understood, and likely to be mRNA specific. Indeed, it has been reported that *CFTR* mRNA contains an inhibitory element that does not have the potential to form strong secondary structures ([@B36]). Further detailed studies are required to better understand additional mechanisms by which translation is regulated. This will be important both for understanding translation and for using ASOs and other approaches to modulate these mechanisms. Nevertheless, for some mRNAs without predictable secondary structures, it might still be possible to increase protein levels by screening with ASOs that target regions throughout the 5′ UTR.

Although computational prediction of 5′ UTR secondary structures may yield false positive results, *in silico* prediction can help to narrow down the potential target sites. Targeting the predicted secondary structures for *LDLR, ACP1*, and *ARF1* mRNAs specifically increased the protein levels more than 2 fold. Mutational analyses for the *LDLR* mRNA demonstrated that the predicted stem structure, but not the sequence of this region of the 5′ UTR, is inhibitory, consistent with previous observations for 5′ UTR structural effects ([@B76]). The inhibitory effect of the predicted structural region of the *ACP1* mRNA was also confirmed through mutational analysis. It appears that the predicted secondary structure is only partially inhibitory, as shown by analysis of the compensatory mutation ([Supplementary Figure S10](#sup1){ref-type="supplementary-material"}). Other factors, such as higher order structure or protein binding, must also contribute to the inhibitory effect.

Previous studies have shown that strong stem structures near the cap can inhibit translation in a position-dependent manner ([@B44],[@B47]). When the stem was placed further from the cap, the inhibitory effect was reduced. Similarly, we found that ASOs that base pair with the 5′ UTR of *NCL1* mRNA, thus mimicking duplex structures, also showed position-dependent inhibitory effect. Importantly, ASOs targeting the 3′ side of the predicted stem structures of 5′ UTR increased protein levels; however, ASOs targeting the 5′ side of the predicted stems of *LDLR* and *ACP1* mRNAs led to reduced levels of proteins and reduced translation, as evidenced by the results of polysome profile analysis for *LDLR* mRNA. These results further support a positional effect of potential structures on translation, as demonstrated previously ([@B33]). Thus, it is likely that ASOs targeting the 3′ side of a stem structure near the 5′ cap alter the favored intramolecular stem structure and increase the distance from the cap to the duplex region, leading to increased translation efficiency. However, we note that the ASOs might also produce effects through other elements in the 5′ UTR, such as downstream potential uORFs (for the case of RNASEH1 and LDLR), although translation initiation in the 5′ UTR of human *LDLR* mRNA was not identified in a recent study focused on identifying translation initiation sites at a global level ([@B31]).

The increase in protein levels by ASOs, though modest, appears to be specific to the target gene. The increase in protein levels was observed only for ASOs with perfect complementarity to certain positions of the target mRNA, but not with control ASOs without complementarity or with ASOs that base pair with different positions of the same mRNA, as seen for *RNASEH1, LDLR*, and *ACP1* mRNAs. In addition, reducing the hybridization potential by introducing mismatches or shifting the target sites in an mRNA altered ASO effects. Importantly, the ASOs targeting *RNASEH1* and *LDLR* mRNAs shifted the targeted mRNAs, but not *PTEN* mRNA, from monosomes toward polysomes, indicating a target-specific increase in translation. Moreover, the levels of multiple control proteins used in this study were not affected by altering ASO concentrations, whereas the levels of targeted proteins responded in an ASO dose-dependent manner, suggesting that the increased levels of targeted proteins were not caused by ASO effects on global translation.

The ASOs specifically increased protein levels of targeted genes in a hybridization-dependent manner with minor off-target effects on the expression of other genes. The specificity was due to the highly position-dependent effect of ASOs that bind to the mRNAs. The ASO specificity is reflected by the observations that ASOs that perfectly base pair with other regions of the same mRNA did not increase the levels of the targeted proteins and that ASOs that imperfectly base pair with an off-target mRNA did not affect the level of that protein. These target- and position-specific effects of ASOs suggest that the observed protein increase was not due to global effects on translation. In addition, the ASO specificity was also supported by the results from microarray and proteomics studies. Although microarray analyses revealed that some mRNAs exhibited altered expression levels, these could be false-positive detections, as the expression levels of those mRNAs are low and changes were not validated by a more accurate qRT-PCR assay for several tested mRNAs. In addition, results from proteomics analyses indicate that very few proteins seemed to be affected by transfection of the ASO.

Evidence suggests that ASOs targeting the inhibitory regions increase protein levels by enhancing translation. First, the mRNA levels of the targeted genes were not increased by the ASOs. Second, nascent protein levels were increased, as shown for LDLR. Third, upon treatment with ASOs targeting inhibitory regions, the targeted mRNAs shifted from monosomes toward polysomes, as shown for the *RNASEH1* and *LDLR* mRNAs. Finally, for both *ACP1* and *LDLR* mRNAs more mRNA was co-isolated with translation factor eIF4A after specific ASO treatment. Together, these observations strongly suggest that the ASOs enhance translation of the target mRNAs.

5′ UTR inhibitory elements in different mRNAs can influence translation by various mechanisms, including the well-demonstrated secondary structures that can inhibit translation in a position- and stability-dependent manner ([@B44],[@B47]). In this study, we found that more eIF4A and eIF2a proteins associated with *ACP1* mRNA upon ASO binding, and more *ACP1* and *LDLR* mRNAs were co-isolated with eIF4A upon ASO treatment. Thus, it is possible that the potential increase in the length of single-stranded region near the 5′ cap of the mRNA induced by ASO hybridization enhances the recruitment of translation initiation factors, which may prefer to bind to single-stranded RNA regions versus structured regions ([@B77]). This possibility is supported by previous findings that binding of PIC or eIF4B was inhibited by stem structures near the cap, but not by structures that are not close to the cap ([@B44],[@B49]). Once the PIC is efficiently docked onto the mRNA, the ASO/mRNA duplex might be disrupted and the ASO be removed by the scanning process, as the PIC is able to melt certain structure (not too stable) once it bound to mRNA ([@B33],[@B44]).

It is possible that helicases are involved in the potential ASO removal from mRNA. This is supported by the observations that the ASO effect was dependent on the helicase DHX29, which has been shown to resolve 5′ UTR structures ([@B72]), and by our finding that the tested *ACP1* ASO did not cause significant structural changes in the mRNA target in cells. We note that the 5′ UTR structure may be dynamic and not stable, and in heterogeneity, due to the constant scanning by the PIC along the 5′ UTR and different translation stages of each mRNA molecule at a given time ([@B73]). Thus, although protein levels are increased by ASOs targeting both uORFs and potential inhibitory structures, the underlying mechanisms appear to be different. The uORF ASOs inhibit translation initiation from the uORF, redirecting translation initiation to the AUG of the pORF. In contrast, the ASOs targeting potential structural elements may alter mRNA structures or impede binding of *trans*-acting inhibitory factors and thus enhance the recruitment of initiation factors and perhaps enhance scanning as well.

The affinity of ASOs for a particular mRNA must be optimized. The affinity for the mRNA needs to be high enough to result in invasion of the intramolecular mRNA structure, but the interaction cannot be so stable that the duplex between mRNA and ASO cannot be unwound by PIC, as a strong stem structure can block PIC scanning even if placed far from the 5′ cap ([@B44]). Optimal length and extent of chemical modification need to be experimentally determined for each mRNA. In experiments described here both 16-mer and 18-mer 2′-*O*-Me-modified ASOs were functional. Chemical modifications can alter affinity and are necessary for use in animals. The design, chemical modification, the pharmacokinetics and pharmacodynamics of ASOs have been well studies ([@B4],[@B64]). For example, the PS modification reduces melting temperatures of hybrid duplexes by about 0.5°C per modification compared with PO backbone, whereas 2′-*O*-Me and 2′-cEt modifications increase melting temperatures by approximately 0.5 and 3 to 5°C per modification, respectively. Therefore, combinations of ASO lengths and chemical modifications should be evaluated. When chemical modifications that enabled systemic delivery were used, an ASO targeting a potential structure region of *ACP1* 5′ UTR increased the protein levels in mice after subcutaneous injection without the need for formulation.

Since uORFs are present in ∼50% of human mRNAs and many mRNAs also contain potential structural elements ([@B30],[@B31]), ASO-based agents designed to target structural inhibitory regions or uORFs can be used to specifically increase levels of endogenous proteins encoded by many genes. We note that some secondary structures can be predicted computationally, the inhibitory effect of predicted structures in 5′ UTRs must be experimentally determined. Nonetheless, the approach validated here will be a valuable tool for research and for the development of 'agonist-like' drugs. This approach clearly has therapeutic potential as we showed increased LDL uptake in cells treated with an ASO targeting *LDLR* mRNA. Although the increase in the level of the targeted proteins was modest, it was clearly of functional impact in cells with normal expression of LDLR. A greater change is expected in patients who have low levels of expression of LDLR. For many applications, increasing the level of a protein by 50--170%, the range observed here, would produce meaningful phenotypic changes, as exemplified for SMN and CTLA-4 proteins ([@B9],[@B10]).
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